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user to PRBs based on the channel attenuations, potential data
rates, and transmit power subject to maximizing the data rates
in accordance with a fairness objective. A discrete-event
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SYSTEM AND METHOD FOR RESOURCE
ALLOCATION OF A LTE NETWORK
INTEGRATED WITH FEMTOCELLS

FIELD OF THE INVENTION

The present invention relates generally to the field of wire-
less data communication networks, and more particularly to
resource allocation within a long term evolution (LTE) net-
work integrated with femtocells.

BACKGROUND

Long term evolution (LTE) 1s a high performance radio
interface for cellular mobile communication systems. LTE
boasts of performance peak rates of at least 100 Mbps for the
downlink transmissions, 50 Mbps for the uplink transmis-
s1ons, and radio access network round trip times less than 10
ms. It has the advantage of high throughput, low latency, and
a simple architecture with low operating costs.

The allocation of resources, such as scheduling and trans-
mit power, 1n a radio network has a significant impact on the
performance of a wireless communication system. Schedul-
ing pertains to the allocation of a time and frequency unit to a
mobile station. Power allocation pertains to setting transmit
power levels 1n an efficient manner. The allocation of the
transmit power determines the data rate of transmission to a
scheduled mobile station. The manner in which these
resources are allocated affects the overall throughput and
transmission rates that can be achieved.

Conventional resource allocation techniques are not suit-
able for a LTE network. The conventional techniques typi-
cally schedule in units that contain a signal subcarrier and one
time slot. The basic radio resource in LTE 1s a Physical
Resource Block (PRB) which contains a group of subcarriers
and time slots. User scheduling in LTE networks 1s performed
through the allocation of a PRB rather than through the allo-
cation of a single subcarrier and time slot. This makes user
scheduling 1n a LTE network more complex and computa-
tionally burdensome.

Additionally, existing resource allocation techniques typi-
cally focus on maximizing the total network throughput or
system capacity. The notion of fairness or fair resource allo-
cation among users 1s oiten not considered which can resultin
sacrificing the transmission of other users. Accordingly, there

1s a need for a more efficient resource allocation.

SUMMARY

This Summary 1s provided to mtroduce a selection of con-
cepts 1n a simplified form that are further described in the
Detailed Description below. This Summary 1s not intended to
identily essential features of the imnvention or claimed subject
matter, nor 1s 1t intended to be used 1n determining the scope
of the claimed subject matter.

The present invention pertains to a technology for power
control and scheduling in a LTE network integrated with
temtocells under the constraints of a quality of service using
fairness objectives. The tec mology utilizes a ftri-phase
approach which includes a LTE air mterface model proce-
dure, a resource scheduling and power allocation procedure,
and a discrete event simulation procedure.

The LTE air interface model 1s a stochastic geometric
model of an exemplary radio network including different
propagation scenarios, physical propagation characteristics,
and conditions encountered by a radio network 1n the field. A
stochastic geometric framework 1s used to model the random
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spatial distribution of users, femtocells, and buildings. After
deployment, the physical channel attenuations are generated
for each time slot and subcarrier to capture antenna sectoring,
path loss, shadow fading, and multi-path fading for the mod-
cled network scenarios. The model produces a channel
attenuation matrix H, , , that captures the channel attenua-
tion for each channel (b,,1) at each PRB (1, 1).

The resource scheduling and power allocation procedure
determines a near optimal assignment of users to physical
resource blocks (PRBs) and the transmit power for each
scheduled user. The user scheduling and power allocation
assignment 15 decomposed into two separate problems that
are solved simultaneously. Power allocations are made using
a water-filling technique with fixed scheduling. The schedul-
ing 1s then updated to maximize the data rates while meeting
fairness constraints.

The discrete event stmulation model simulates the end-to-
end packet-by-packet transmissions throughout the entire
network so that the performance of the network can be ana-
lyzed. The analysis studies the network throughput, delays;
and the parameters impacting these factors.

Design tradeoils can be made to the L'TE air interface
model and the entire process rerun so that the effects of the
design can be more thoroughly studied 1n a simulated network
environment. These studies are usetul for the planning and
design of LTE network architectures integrated with femto-
cells.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter disclosed 1s illustrated by way of
example, and not by way of limitation, in the figures of the
accompanying drawings in which the like reference numerals
refer to similar elements and 1n which:

FIG. 1 1s a schematic block diagram of the tri-phase mod-
cling approach used 1n an embodiment;

FIG. 2 1s a schematic diagram of a computing device per-
forming the network performance model procedure 1n accor-
dance with an embodiment;

FIG. 3 15 a schematic diagram of a cellular wireless com-
munications system using a LTE network integrated with
femtocells 1n accordance with an embodiment;

FIG. 4 1s a flow chart of the steps used 1n the LTE air
interface model procedure in accordance with an embodi-
ment;

FIG. 5 1s a flow chart of the steps used in the channel
attenuation calculation 1n accordance with an embodiment;
and

FIG. 6 1s a flow chart of the steps used 1n the resource
scheduling and power allocation procedure 1n accordance
with an embodiment.

DETAILED DESCRIPTION

FIG. 1 1s an overview of the methodology used 1n an
embodiment of the present invention. There 1s shown a net-
work performance model procedure 100, including a LTE air
interface model procedure 102, the resource scheduling and
power allocation procedure 104, and a discrete-event simu-
lation procedure 106.

The LTE air interface model procedure 102 1s a stochastic
geometric model of an exemplary radio network including
different propagation scenarios, physical propagation char-
acteristics, and conditions encountered by a radio network 1n
the field. In an embodiment, a stochastic geometric frame-
work 1s used to model the random spatial distribution of users,

temtocells, and buildings. After deployment, the physical
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channel attenuations are generated for each time slot and
subcarrier to capture antenna sectoring, path loss, shadow
fading, and multi-path fading for the modeled network sce-
narios. The model produces a channel attenuation matrix
H, . . rthat captures the channel attenuation for each channel
(b,, 1) at each PRB (, 1). The channel attenuation matrix H 1s
used 1n the resource scheduling and power allocation proce-
dure 104.

The resource scheduling and power allocation procedure
104 determines a near optimal assignment of users to physical
resource blocks (PRBs) and the transmit power for each
scheduled user. The user scheduling and power allocation
assignment 1s decomposed into two separate problems that
are solved simultaneously. Power allocations are made using
a water-filling technique having fixed scheduling. The sched-
uling 1s then updated to maximize the data rates while meet-
ing fairness constraints. The interference between users 1s
then determined and captured 1n an interference matrix 1.

The discrete event simulation procedure 106 simulates the
end-to-end packet transmissions of the entire network so that
the performance of the network can be analyzed. The simu-
lation procedure 106 utilizes the LTE air interface model 102,
the channel attenuation and interference matrices, H and I, the
power allocation and user scheduling decision matrices, P
and S, to study the behavior of the network.

Referring to FIG. 2, there 1s shown a computing device 108
used to execute the network performance model procedure
100. The computing device 108 can be any device capable of
executing programming instructions, such as without limita-
tion, computer, laptop, PDA, smart phone, and the like. Alter-
natively, the computing device 108 can be incorporated into a
network element, such as an eNodeB.

The computing device 108 can include a processor or CPU
110, a network interface 112, and a memory 114. The
memory 114 can be a computer readable medium that can
store executable procedures, applications, and data. It can be
any type ol memory device (e.g., random access memory,
read-only memory, etc.), magnetic storage, volatile storage,
non-volatile storage, optical storage, DVD, CD, and the like.
The memory 114 can also include one or more external stor-
age devices or remotely located storage devices. The memory
114 can contain 1nstructions and data as follows:

network performance model procedure 100 including;

LTE air interface model procedure 102;
Resource scheduling and power allocation procedure
104;
Discrete event simulation procedure 106;
various data and/or data structures used in the procedures
116;

an operating system 118; and

other data and applications 120.

Attention now turns to a discussion of an exemplary com-
munication system for use 1n an embodiment.

FIG. 3 shows an embodiment of a communications system
200 that can contain one or more femtocell communication
paths 230q,b6 and one or more LTE communication paths
232a,b. Each femtocell communication path 230 a,b can have
one or more 1nterior structures 202a,5 coupled to a femtocell
gateway 220 a,b that in turn 1s coupled to an IP network 222.
Each house, building, or interior structure 202a,b contains
one or more femtocell base stations (or femtocell) 204a,b
connected via a first wireless communications link to one or
more user equipment devices (UE) 208a,6 and to a home
broadband IP access mechanism 2064, 5 via a second wireless
communications link. The femtocell 1s a small base station
that 1s typically used within a home or small business. The
temtocell 1s a shortrange, low cost and low power base station
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4

installed by a consumer for better indoor voice and data
reception. Due to their short transmit-recerve distance, fem-
tocells achieve a higher signal-to-interference-plus-noise
ratio (SINR) resulting in improved reception and reduced
interference.

The first and second wireless communications links can
utilize any wireless communication technology, such as with-
out limitation, radio frequency, microwave, or inirared com-
munications. The user equipment 208 g, 5 can be any type of

mobile device capable of communicating with the femtocell
over the wireless communication link, such as without limi-

tation, cellular phone, pager, PDA, computer, laptop, smart

phone, and the like.
The home broadband IP access link 206a,b can be any

wired or wireless broadband link capable of high data rate
Internet access (e.g., digital subscriber line, cable, passive
optical network or other access technology). Each home
broadband IP access link 206a,6 1s coupled to a femtocell
gateway 220q,b which 1n turn 1s coupled to the IP network
222. The femtocell gateway 1s an access point between sev-
eral femtocells and the IP network 222.

The LTE communication path 232q,6 utilizes the LTE
radio interface. LTE 1s a 3GPP standard that incorporates
Single Carrier-Frequency Division Multiple Access (SC-
FDMA) for uplink transmissions and Orthogonal Frequency
Division Multiple Access (OFDMA) for downlink transmis-
sions. In OFDMA, users are allocated a group of subcarriers
for a predetermined amount of time, which 1s otherwise
known as a physical resource block or PRB. Typically, the
scheduling function 1s handled at the L'TE base station.

Referring to FIG. 3, the LTE communication path 232a,5
can contain one or more of the following elements: mobile
devices 221a,b; L'TE base stations 228a,b; and a LTE System
Architecture Evolution (SAE) 226qa,b. The mobile devices
221a,b can be any type of cellular or wireless device, such as
without limitation, cellular phones, computers, laptops, smart
phones, PDAs, and the like. The mobile devices are otherwise
referred to herein as mobile stations (MS) or user equipment
(UE). The mobile devices are coupled to LTE base stations
228a,b through a wireless communication link. The base
stations 228 a, b are known as eNodeBs and affect the proto-
cols for the support of the packet-switched LTE services. The
base stations 228a,b are connected to a LTE SAE 226q,b
which 1s the core network or radio backhaul. The LTE SAE
226 a,b, 1s connected to the IP network 222. The elements of
the LTE communication path 232aq,b operate in accordance
with well-known the 3GPP standards.

Attention now turns to a discussion of the components of
the network performance model procedure 100.

LTE Air Interface Model

The LTE air interface model procedure 102 generates the
radio channel attenuations for an exemplary propagation sce-
nario and environment that includes the LTE radio interface
integrated with femtocells. The LTE air interface model pro-
cedure 102 1s a geometry-based stochastic radio channel
model developed using the WINNER II project radio channel
models.

The WINNER II models cover a broad spectrum of radio
propagation scenarios and environments, including indoor,
outdoor-to-indoor, indoor-to-outdoor, macrocell, urban
microcell, and the like. The WINNER II channel models are
based on a generic channel modeling approach allowing a
user to vary the modeling environment, such as the number of
antennas, the antenna configuration, the geometry, and the
antenna beam pattern, and the like. Further details of these

models can be found at 1 ST-WINNER II Deliverable 1.1.2 v
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1.2, “WINNER II Channel Models”, 1ST-WINNER2, Tech-
nical Report, 2007, (http://www.1st-winner.org).
The channel parameters for the physical layer were chosen

in accordance with the following LTE specifications: (1)
3GPP TR 25.814 (*Physical layer aspect for evolved Univer-

sal Terrestrial Radio Access (UTRA)”); (2) 3GPP TR 36.101
(“Evolved Universal Terrestrial Radio Access (E-UTRA):
User Equipment (UE) radio transmission and reception™); (3)

3GPP TR 36.104 (Evolved Universal Terrestrial Radio
Access (E-UTRA): Base Station (BS) radio transmission and
reception”); and (4) 3GPP TR 36.201 (“Evolved Universal
Terrestrial Radio Access (E-UTRA): Long Term Evolution
(LTE) physical layer).

Certain parameters were chosen using data or guidelines
from specific tables of the WINNER II models and 1n particu-
lar, the following tables: (1) Table 4-1 “Ray offset angles
within a cluster, give 1° rms angle spread” (heremafter
referred to as “Table 4-17); Table 4-2 “Sub-cluster informa-

tion for intra cluster delay spread clusters” (heremafter
referred to as “Table 4-27°); and Table 4-5 “Table of param-

cters for generic models™ (heremafter referred to as “Table
4-57).

Table 1 below lists key mathematical notations and their
meaning as used herein.

Referring to FIG. 4, the physical layout of the modeled
radio network 1s created (step 300). The user can select one or
more propagations scenarios and construct a network envi-
ronment including houses or buildings, femtocell base sta-
tions (BS), macrocell base stations, and mobile stations (MS
or UE) which are randomly placed 1n a hexagonal grid con-
taining deployed macrocells. A number of houses, N, .
cach of a size wxw, are uniformly distributed over the area. A
temtocell base station can be placed 1 each house with a
uniform distribution and serve a number of indoor mobile
stations in the house, N, ;.. A number ot outdoor mobile
stations, N, ... are uniformly placed over the area as well.

After the deployment, there are N, =N,z ,,'N +

house
Nz oucmobilestations and Nz =N, . .+N;, base stations in

Site

the network which resultin N_, =N, .-N..communica-
tion channels. The channels are denoted as1=1,... ,N_, .
where each channel 1 represents a base station-mobile station
pair (s,, m,) or (b, 1).

Next, the user parameters are generated (step 302). The
WINNER II models generate user parameters based on the
physical layout and propagation scenario created in step 300.
These parameters are classified into two sets: large scale and
small scale parameters. The large scale parameters include
the following: delay spread and distribution; angle of depar-
ture spread and distribution; angle of arrival spread and dis-
tribution; shadow fading standard deviation; and ricean
K-factor. The large scale parameters are drawn randomly
from tabulated distribution functions. The small scale param-
cters include the following: scaling parameters for delay dis-
tribution; cross-polarization power ratios, number of clusters,
cluster angle spread and distribution, cluster angle spread of
arrival, etc. The small scale parameters are drawn randomly
from tabulated distribution functions and random LS param-
eters.

In addition, location dependent parameters are generated
(step 302). The location dependent parameters can include d.,
¢, d,,... » and d,, ;. For each channel 1, d, denotes the distance
from base station s, to mobile station m, and ¢, denotes the
departure or arrival angle at base station s,. The distance
d,,.. ;18 the distance from base station s, to the wall next to the

mobile station location when the mobile station location 1s
placed outdoors. The distance d,, , 1s the perpendicular dis-
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tance from the wall to the mobile station, and 0, 1s the angle
between the line-of-sight (LOS) to the wall and a unit vector
normal to the wall.

In step 304, the channel impulse response (CIR) 1s com-
puted for each channel 1 and the channel attenuation for each
subcarrier 1, 1n channel 1. FIG. 5 shows the steps used to make
these calculations.

In short, the CIR for each channel 1s computed as a function
of four components: antenna gain, H _; ,; path loss, Hp,
shadow fading, H, ,; and multi-tading, H, - ,(t). The CIR
for each channel 1 1s represented mathematically as follows:

H(v)=H 46 :Hp; ;7 Hsp ;"Hym 1), where i represents
(b, ).

Once the CIR 1s known for a particular channel 1, then the
channel attenuation 1s computed for each subcarrier.

Attention now turns to a discussion of how each of the four
components 1s computed.
Antenna Gain

Referring to FIG. 3, the antenna gain for channel 1 1s com-
puted 1n step 310. An omni-directional radiation pattern with
antenna gain 1s used to represent the antenna gain. A mobile
station’s antenna gain 1s represented by, A, ,~0 dB1 and the
femtocell base station’s antenna gain 1s represented by,
As o~ 0 dB1. A macrocell’s base station antenna gain,
A_ ., depends on the propagation scenario (e.g., rural or
suburban area), center frequency, and antenna height, and can
range from 12 dBi1to 18 dBi1. Thus, the aggregate antenna gain
H ,,; for channel 11s determined by the BS-MS pair, (s,,m,),
and 1s as follows:

HAGJ: 10 1/ 10(A macre- 1{Siis macro—BS } +Afempo- 115 is femto—

BS}),

where 1 {*} is an indicator function.
Path Loss
The path loss for channel 1 1s computed 1n step 312. The
path loss 1s the attenuation of the signal as the mobile station
moves away from the base transcerver station. The path loss
models are based on different propagation scenarios, such as
indoor small office, large indoor hall, suburban, bad urban
micro-cell, LOS, NLOS, etc. The path loss models were
tformulated for the following propagation scenarios: outdoor
path loss; indoor small office; outdoor to indoor; and indoor to
outdoor. The models were applied within the frequency range
of 2 to 6 GHz and for different antenna heights.

The outdoor path loss for (line-of-sight) NOS and (non-
line-of-si1ght) NLOS 1s as follows:

{

23.8loglO(d;) +41.2 + 2019g10(;—i]],.

L 40.0loglO(d;) + 11.65 — 16.210gl0(Ags fiazs)

it _
PlLigs =<

PISY = [44.9 — 6.5510gl 0(hgs )] -loglO(d;) + 31.46 + 5,

where d=4(h;~1)(h,,.~1) 1 _/c 1s the breakpoint distance,
f . 1s the center frequency 1n Hz,
¢ 1s the speed of light,
h, .. 1s the antenna height of the mobile station,
h_1s the antenna height of the base station,
10=d,=5000, h, =25, and h, ,~=1.5.
The mndoor small office path loss for NOS and NLOS 1s as
follows:
PL, ,."=18.7 log 10(d,)+46.8+20 log 10(f /5.0)
PL ;o< =20 log 10(d))+46.4+12 n,,_,+20 log 10(f /5.0),
where n,_,, 1s the number of walls between BS and MS, 1s

3 gdzg 1 00: kBS:kMS:]‘ -2.5.
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The outdoor to indoor path loss for NLOS 1s as follows:

Ot in

Plyjoe =PLi + PLi2 + Pl

= PLY oo (dini + doe ) + [14 + 15(1 — cos())*]

where PL,=PL,,, ,.°* is the outdoor NLOS,
PL., , 1s the path loss through the wall as a function of the
penetration angle,
PL, 1s the indoor path loss,

hy =10, h,,=3n4,,,+1.5, ng4, . 1s the number of floors.
The mdoor to outdoor NLOS path loss 1s as follows:

in- ot

PLy o = PL + PLy, + PL,

= PLY o (dini + dour) + [14 + 15(1 = cos(®))’]

where PL,=PL,,; ,.°* is the outdoor NLOS path loss,
PL,, 1s the path loss through wall as a function of the
penetration angle,
PL., 1s the indoor path loss,
h,,~1.5, hp=3n,4,,,+1.5, ng4 , 1s the number ot tloors.
For each BS-MS pair (s, m,) of the LOS probability 1s as
follows:

1 if d <25
Pfﬂs { 341/3
1 —0.9[1 —(1.24 - 0.6110e10(d:))*1">, if di > 2.5
Ot —d /200
PNLGS

The path loss Hy; ; for channel 1 1s as follows:

|

HPLI,I — 10—'m°(PL-LGSGl{p£P LGS}—FPLNLGSQI{‘D}F LGS}),

where 14+} is an indicator function, and p is uniform in [0,1].
Shadow Fading

Shadow fading 1s computed 1n step 314. Shadow fading,
Hgz ,» 1s modeled by a log-Normal marginal distribution. Due
to geographic coupling, shadow fading values of adjacent
MSs are correlated. The correlation of shadow fading 1n dB 1s
modeled by an exponential function of MS distance. Let A, ,
be the distance between MS 1, and MS 1 _, on channel 1, n
respectively. The covariance of shadow fading in dB (e.g., 10
log 10(Hgz ;) and 10 log 10(H ,,) 1s given by

cov[10 log 10(H gz ;),10 log 10(Hgz ,,)|Osz.;
ﬁlﬂ"{dc}ﬂ ? ?

(1)

Osr €

where O, 1s the variance of shadow fading, and
de ;... 18 the correlation distance depending on the propa-
gation scenario of the mobile station’s 1, and 1, (i.e.,
indoor, outdoor, NOS, NLOS).

The correlation distances and variances for the different
propagation scenarios are taken from Table 4-3.

Besides the geographic coupling cross channels, shadow
fading SF, 1s also correlated with multi-path fading param-
cters of the same channel, which are delay spread and BS
angle spread. The correlations are taken from Table 4-3. For
example, 11 D, 1s the delay spread for channel 1, then

cov[log 10(D ), 10 log 10(H gz ;)]=0,, 10(&)'55}?;:'61'

(2)

where 0. 1s the correlation of delay spread log 10 (D,) and
shadow fading 10 log 10 (H,).
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To generate shadow fading, delay spread, and BS angle
spread for all channels subject to given correlations, the 3

N_, . parameters are placed into matrix V as follows:

V=/10 log 10{fH ), log 10(D,), log 10(E,),. .., 10
ng 10(HSF1NChHHH€f)? ng 10(DNchaHH€f)? ng
10 (ENchcmn ef)]

where E. 1s the base angle spread in degree for channel 1.

For any two elements in V, the covariance 1s given by
equations (1) and (2) and the covariance matrix M=cov [V,
V?]. Let X be a vector of i.i.d. Gaussian variables with zero
mean and unit variance. The parameter vector, V, 1s then
V=M"?X+u, where n is the mean of different parameters
specified in Table 4-5. Matrix square root, M2, can be com-
puted through singular value decomposition Shadow fading,
H ., 1s then obtained from entry V., in parameter matrix V,
which is represented as Hg, =10"371°,
Multi-Path Fading

Multi-path fading for channel 1 1s determined 1n step 316.
For multi-path fading, the modeled network 1s considered to
have single antenna base stations and mobile stations. To
model multi-path fading for channel1, N, . clusters ofrays
are generated with N, rays for cluster p=1, ..., N
Let P,  be the power of ray q in cluster p,
T, , be the delay ot ray q in cluster p,
|, , bethe arrival or departure angle of the ray at BS s,, and
Az be the antenna pattern at BS s,.
The time response of channel 1 due to multi-path fading 1s

as follows:

clitster”

Ncluster Nrav, p

HMF,E(T) — Z Z Pipg - ABS,s(qu,q) ' Ejfl’p,q (S(T — Tp,q):-
=1 =1
where @, 1s a random 1nitial delay unitorm in [, 7] and

0(*) 15 the Dirac’s delta function.
The base station’s antenna radiation pattern used for each
sector 1n a 3-sector cell site 1s given by:

Aps,s(¢) = _Hﬁn{lz(é){ Am},

where —180=¢=180,
$5,5 1S the 3 DB beam width which corresponds to 70
degrees, and
A =20 dB i1s the maximum attenuation.
For cluster p, the exponential-distributed auxiliary cluster
delay 1S:
,=1,D; log(X ), where X  1s uniform in [0,1] and r, 15 a
scalmg factor taken from Table 4-5.
For the case of NLOS, the auxiliary cluster delays are
normalized by subtracting the minimum delay and sorting the
result in descending order:

T, ~sort (v ,—min |t }),Vg.

For the case of LOS, the delays have to be scaled by a
constant D to compensate for the effect of the LOS peak
addition to the delay spread resulting 1n:

1

e =5 -sori (T, —min, {7,}), ¥ g,
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where D=0.7705-0.0433K+0.0002K~*+0.000017K" and is
the heuristically determined Ricean K-factor dependent
scaling constant, and K 1s the Ricean K-factor defined 1n
Table 4-5.

Cluster powers are calculated assuming a single slope
exponential power delay profile. The power assignments
depend on the delay distributions defined 1n Table 4-3. Using
the exponential delay distribution, the power for cluster p 1s as
follows:

where Z  1s normally distributed with zero mean and variance
C as defined in Table 4-5.
The power 1s averaged so that the aggregate sum of the

power for all the clusters 1s equal to one. For the case of
NLOS, then

For the case of LOS, an additional specular component 1s
added to the first cluster resulting 1n the following:

1 P, K
K+1 TP, K+1
p

Ppq = ip=13,

V q, where K 1s the Ricean K-factor defined in Table 4.5
converted to linear scale.

The BS angles are determined by applying the inverse
Gaussian function with mput parameters P, , and BS angle
spread E,, resulting 1in the following:

J, 2E; Pp,q
t,bp = — | —=In
C max,, - ,"J’F.,qr

where the choice ot q does not atfect the result, since P, _ 1s
the same for every p.

In the NLOS case, constant C 1s a scaling factor related to
the total number of clusters and taken from the WINNER 11
scaling factor table. In the LOS, additional scaling of angles
1s required to compensate for the effect of LOS peak addition
to the angle spread. Constant C 1s dependent on the Ricean
K-factor C=C'-(1.1035-0.028K-0.002K~*+0.0001K>), where
K 1n dB 1s the Ricean K-factor and C' 1s the scaling constant
tor the NLOS case.

Next, a positive or negative sign 1s assigned to the angles by
multiplying with a random variable X with Bernoulli distri-
bution to set of {-1, 1} and to add component

renfo. %)

to introduce random variation resulting in =X ' +Y, +¢,,
where ¢. 1s the arrival or departure angle of channel 1 at base
station BS_ .
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In the LOS case, the equation 1s substituted by the follow-
ing equation to enforce the first cluster in the LOS direction:

wp:(Xp ip-l_ Yn+q)z')_ (Xplpll+Yl+q)f)'

Nextoffset angles a_ from Table 4-1 are added to the cluster
angles producing;:
U, W, +Ci048,, Where ¢, 18 the cluster-wide rms
zimuth spread of arrival or cluster ASA from Table 4-5.
Finally, for the two strongest clusters, such as p=1 and p=2,
rays are spread 1n delay to three sub-clusters per cluster with
fixed delay offset and power scaling for each ray (as 1n Table
4-2). Let @, be a random 1mitial delay uniform 1in [, 7t].
Thus, the multi-path fading for channel 1 1s as follows:

Ncluster Nvav,p
Huri (D)= ) PY2. Aps (W, ) - /%9 5(r —1,).
p=1 g=1
CIR and Channel Attenuation

Next, in step 318, the channel impulse response to channel
11s determined as follows:

H(v)=H , GJ'HPLJ"HSF; 'HMF,,I'(T)-

Once the channel impulse response 1s calculated, 1n step
320, the channel attenuation for each subcarrier 1, 1n the
frequency domain through application of the Fourier trans-
form on H.(t) as follows:

Hf(ﬁ)=fo(T)E_jﬂfkrﬁfT,

where 1, 1s the center frequency for subcarrier k.

Steps 310-320 are repeated for each channel 1. At the end of
the last 1teration, the channel attenuation matrix H 1s com-
pleted and this phase of the processing 1s completed.

Attention now turns to a description of the steps used 1n the
resource scheduling and power allocation procedure 104.
Resource Scheduling and Power Allocation Formulation

The resource scheduling and power allocation procedure

104 1s used to determine which user to schedule 1n a PRB and
what transmit power to use for the scheduled user while
maximizing certain fairness utility functions.

Table 2 below lists key mathematical notations and their
meaning as used herein.

Consider a LIE network with n femtocell and macrocell
base stations serving m mobile users. Let b, denote the base
stations (BS) serving mobile user 1 for 1=1, . . . , m.

Let C;/={j:b=b,, ¥ j} represent the set of users who are
possibly interfering with user 1 since users within the same
cell are assigned orthogonal resources.

Let the set of users served by base station k be B,=
b=k, V j}. A user is allocated a physical resource block
(PRB) which 1s a group of a specific number of subcarriers for
a specific amount of time. PRBs have both a time and fre-
quency dimension. Each PRB has the size of 180 kHz 1n the
frequency domain and 0.5 ms 1n the time domain. Thus, a
physical channel 1s partitioned into TxF blocks, such that the
total network bandwidth 1s (F-180) kHZ and the time scale of
the dynamic resource allocations 1s (1-0.5) ms.

Let P, , - be the transmit power of user 1 on PRB (t,f) and
S/ Lipisr01» ¥ 1,LT1s the binary indicator of whether PRB
(t, 1) 1s assigned to user 1.
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All channel attenuations are stored in matrix H, all transmit
power 1n matrix P, and assignment decisions in S. The data
rate of user 1 1s given by a function of channel and power, as
follows:

R; =

2
H
biitf

P rSisr

T : F1 / 1
fo(HaP:'S)z ? z 1Dg1-|—_.
=1 f=1 r Z Hgf?f”f?f Pj,f,ij,I,f + ij

\

JeC;

/

where N, 1s the thermal noise power at BS b, and 1" 1s an

SINR gap, reflecting the loss over modulation and error

control coding.
Problem 1
Thus, the problem can be stated mathematically as follows:

i (1)
Maximize Z U(R;),
i=1

Subject to R; =

2
Hbiﬂ-’r’ ; Pt 7S f

1 1
logl + =-
ZJ [ Z ng-’i”r, cPinfdjng + Np;

Variables P;; ¢, S, ¢

where P, ;1S a maximum transmit power constraint for
user 1,
> Sur=LVe fok,
- Bk

ensures that each PRB 1s assigned a single user within
cach cell, and U (*) 1s the utility function.

The utility function, U (*), 1s used to capture various design
objectives, such as throughput efficient and allocation fair-
ness. In one embodiment the utility function, U (¢), can be
from the family of widely applied a.-fair utilities,

l-a
A
Z Uﬂr(-xj), Whefe U{I(X) — { 1 _{1” o = D, o * 1
| IDg(x)a ﬂf:l

The a-fair utilities model was chosen as a tradeoll between
throughput efficient and allocation fairness. A maximize of
the o-fair utility function satisfies the definition of o.-fairness:
a maximization of the log utility function (a=1) 1s propor-
tionally fair, and a maximization of the a.-fair utility function
with o—00 1s max-min fair.

The resource allocation problem formulated above 1s NP-
hard due to the integer constraints placed on {S,, » V i, t, f}.
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Thus, 1t can be decomposed into two sub-problems, Problem
1A and Problem 1B, as described below.

Problem 1A

Problem 1A 1s the power optimization over P for fixed
scheduling S and 1s represented mathematically as follows
and which 1s solved for all users jointly:

Maximize Z UR),
i=1

§F L Hi%f it f PigpSin g ﬁ
Subject to  R; = lo 1_|_F_ 2 v
f=1 Z Hbi,:',,r, f Pitfojef + Ny,
jECI' )

F

prsf < Poaxis ¥

F=1
Variables P, ¢

In LTE networks, since interference (1n the denominator of
the rate Tunction above) only comes from users 1n neighbor-
ing cells, the problem can be further decomposed across cells
that reduce the amount of message-passing among different
cells. The problem then becomes a standard (iterative) water-
filling problem and maximizes rates R, for all users 1=1, . . .,
m independently and 1s as follows:

Maximize R;

1
R;Z ] 1+ —=-
E:“ [

2 . .
= Moy g insias + Vb
JeC; ;

H: P.. .5
Subject to biig,f= bl Putt

F
Z P,_'?f = Pmm?j, Vi
=1

Variables P; ¢

where the utility function U(*) 1s omaitted due to 1ts mono-
tonicity over R, .
Let A, be the Lagrangian multiplier for the transmit power

constraint of user 1. Then the Lagrangian for the power control
problem of user 1 1s as follows:

This 1s a convex optimization whose solution can be given
in close form using the Karush-Kuhn-Tucker (KK'T) condi-
tions as described below.

Solution 1A
Therefore, the solution to Problem 1A 1s as follows:

i F(Z Hﬁf:’fphfSLf'I'Nbi]ﬁ
| i

JeC;
P;r(Ai) =5 ﬁ B

H2
biif )

0,
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where (X)"™=max(x,0) 1s a projection to the set of non-
negative numbers, and

Kot

1s the water level satisiying

F
Z P’:‘,f(flz) = Pmax,i
f=1

Thus, the solution to Problem 1A 1s equivalent to deter-
mimng the water-level for each user. Once water-levels are
known, a set of transmit power and potential data rates of
assigning PRB 1 to different users can be computed as fol-
lows:

2

rip(A) =lo 1+1 Hbi’i’r’f

i f(A) = = :

2

' zzf%uﬁjPﬁJSMJ+wa
JeC; )

Pt ¢Sis s

Rater; {A)1s the potential data rate that user 1 can achieve
on PRB (t,1) (independent of the scheduling), and only
depends on parameter (A).

Problem 1B

For a set of fixed water levels

|
11_1'5

Problem 1 can be reduced to a scheduling problem of assign-
ing PRBs to users as follows:

Maximize Z U(R;),
i=1

F
SllbjECt to R; = ZS;J"P‘;J(R)
F=1

Sf}f E{U,. 1}, Y f, f

> Sir=LVif

i€B,,

Variables S ¢

If the utility 1s linear in R, Problem 1B becomes a maximal
weighted bipartite matching problem in graph theory and can
be solved by a modified version of the Hungarian algorithm
with polynomial complexity F>. Using a standard optimiza-
tion technique, the integer constraint S, €10, 1} is relaxed to
a continuous constant 0=S, =1, so that each BS needs to
solve the following problem:

Maximize Z U(R;) (3)

i€B,,
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-continued

F
Subject to R; = ZS;J"F;J(A)
=1

Variables S; ¢

Next, the solution 1s projected to the space of binary sched-
uling decisions, satisiying,

The following family of fairness measures developed
through axiomatic theory

ol

Flxy, ..o X)) =

5o

| =1

1s applied to find the physical resource block with the most
biased or unfair scheduling vector

fr=arg minF({S, }i B,}),Vk.

Physical resource block (t, 1) 1s then assigned to the user
with the largest element of {S, i eB,}. To assign all physical
resource blocks, the above procedure 1s repeated. In each
iteration an updated equation of (3) 1s solved with the current
PRB assignments. The solution 1s summarized as follows:

Solution 1B

while 1 <m
{ solve equation (x) to obtain S; s =1 (6 & — e 1 507 1
find the most biased scheduling f* = arg min F ({ S; 4 i€ B; }), Vk

assign S; w =1 y6; = _ pnax i Sif« }
=141
} repeat

Attention now turns to FIG. 6 which illustrates the steps
used 1n the scheduling and power allocation optimization
procedure 104.

-

T'he procedure 104 starts by initializing certain parameters
and variables (step 340). For example, the maximum power
budget for each mobile user 1, P, ., ;, 1s set to user-defined
values. The tolerance € 1s set to a user-defined value and the
iteration variable 1s initialized, t=0. The user scheduling func-
tion S, , -is initialized to 1, V 1, t, 1.

At step 342, iterative water-filling 1s used to determine the
power allocation using fixed scheduling and a uniform 1nitial
power allocation where users evenly split the power to all
subcarriers. The power allocation can be calculated as fol-
lows:
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while > [P; [t + 1] =P, ;[t]| > €
L

fori=1tom

Pirlt+ 1] =+ 1

F
update A; until ) until Py, p[t+ 1] < Py,
f

end for
end while

Next, 1n step 344, initial potential data rates are determined
as follows:

2
1 Hp . o Pinfoins
F,_'?f(zl):1ﬂ 1+F 5
Hbi,i,,r,f Pj,r,ij,r,f + Nbi

JeC; /

In step 346, the scheduling 1s updated according to the
potential data rates. Fairness 1s considered in this step by
matching users and subcarriers for maximum fairness. This 1s
determined as follows:

while > [S; [t+1]-S;s[t]] > &
Sir[t+ 1] = Si [t + 8y p[t + 1] U(Z Si./
f

Project S; ([t + 1] to {S; ; €10, 1}, Z Sir=1
EEBR
end while
Find f* = arg min,F ({ S; 41 €B; }), Vk,

AsSIgN S; s =1 (6; w0 _ e 1 55,0 )
end while

end while
Next 1n step 348, a determination 1s made as to whether the
solution, S, , 4 1s within tolerance €. It the solution 1s not (step

348—no0), then steps 342 through 348 are repeated for the
next time slot, t+1, which i1s incremented, t=t+1, 1n step 350.

At the completion of the scheduling and resource alloca-
tion, 1n step 352, the user interference I 1s calculated. The user
interference that a user 1 suffers from all other users, j=1, at
time t and frequency 1 1s calculated as follows:

_ 2
iy = E lef,j,r,ij,r,ij,r,f + N
J#

where N, 1s the noise at base station b,.

Upon the completion of step 353, the resource scheduling
and power allocation procedure 104 1s completed. Turning to
FIG. 1, the next step 1s to execute the discrete-event simula-
tion procedure 106. The discrete-event simulation procedure
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106 can be any discrete-event simulation software program.
The simulation procedure uses the data from the LTE air
interface model procedure 102 and the resource scheduling
and allocation procedure 104 to simulate the packet-by-
packet transmission of data from the mobile user 1 to mobile
user 1 1n a LIE network environment integrated with femto-
cells.

-

T'he foregoing description, for purposes of explanation, has
been described with reference to specific embodiments. How-
ever, the 1llustrative teachings above are not intended to be
exhaustive or to limit the mvention to the precise forms dis-
closed. Many modifications and variations are possible 1n
view ol the above teachings. The embodiments were chosen
and described 1n order to best explain the principles of the
invention and its practical applications, to thereby enable
others skilled in the art to best utilize the invention and vari-
ous embodiments with various modifications as are suited to
the particular use contemplated.

Although the embodiments have been described in the
context of a LTE network containing femtocells, 1t will be
understood that this context 1s for illustration purposes only
and that the technology described herein can be applied to
radio communications 1n general and to communication sys-
tems adhering to other wireless or communication standards.

In addition, various modifications to the network param-
eters can be made to study the impact on the behavior of the
network. In fact, the scheduling and power allocation proce-
dure can be viewed as a function whose output gives a solu-
tion subject to a fairness constraint as follows:

(BES)QULLP,,.00)-

For a given channel attenuation and maximum transmit
power budget, the scheduling and power allocation procedure
gives a feasible power allocation P, which tends to optimize
the fairmness constraint. Different allocation algorithms
achieve a tradeoil between complexity and optimality.
Examples of such tradeoll variables can be the utility func-
tion, the maximum transmit power budget, the total band-
width usage, the number of antennas at a macrocell base
station, the number or density of macrocells, the number or
density of femtocells, the computational complexity of the
algorithm, ¢, measured in CPU cycles, and the gap of achiev-
able utility to optimal utility algorithm, ¢. Degree of design
freedoms can include the transmit power of a mobile user on
a PRB, the scheduling decision of a PRB to a mobile user, the
assignment of a base station to a mobile user, and the sched-
uling and power allocation procedure.

TABL.

L1

1

Kev Notations Used in I.TE Air Interface Model

Notation Meaning

MS Mobile station

BS Base station

N.... Total number of sites

Nyz. i Number of indoor user equipment
Nuz. ou Number of outdoor user equipment
Nz Total number of user equipment
Niosico Number of houses

1 Channel

S, Base station of channel 1

m;, Mobile station of channel 1

d, Distance from BS s, to MS m,

P, Departure angle at the BS
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TABLE 1-continued

Kev Notations Used 1in LTE Air Interface Model
Notation Meaning
Aoye s Distance from base station s, to the wall
next to the location of m;
d;, Perpendicular distance from the wall to m;

P, Angle between the Line-Of-Sight (LOS) to
the wall and a unit vector normal to the wall

10
TABLE 2
Kev Notations Used in the Scheduling and Power Allocation
15
Notation  Meaning
N number of femtocell and macrocell base stations
in an LTE network
m number of mobile users
k number of base stations 0
BS base station
b, base station serving mobile user 1
C, set of users who are possibly interfering with user 1
B, set of users served by base station k
D set of deployment parameters
f(-) channel generating function
t time unit 25
f frequency unit
PRB(t, 1) Physical Resource Block (time, frequency)
Hy, 552 channel attenuation from user 1 to base station b; for PRB (t, 1)
P;, 7 transmit power of user 1 on PRB(t,1)
H matrix of all channel attenuations
P matrix of all transmit power 30
S matrix of all assignment decisions
R, data rate of user 1
N, thermal noise power at base station b,
I SINR gap
S f binary indicator of whether PRB (t, 1) is assigned to user 1
U() utility function 35

What 1s claimed 1s:

18

6. The method of claim 5, wherein the data rate for the

mobile device 1s determined as a function of the power allo-
cations.

7. A non-transitory computer-readable medium having

5 1nstructions stored thereon, the instructions comprising;:

instructions to generate a radio air interface that includes a
plurality of mobile devices, a plurality of base stations, a
subset of base stations including femtocells, and a plu-
rality of resource units, wherein a resource unit includes
a plurality of time slots and subcarrier frequencies and a
plurality of channels;

wherein the radio air interface 1s based at least 1n part on
long term evolution (LTE) specifications;

instructions to generate resource unit assignments,
wherein a resource unit assignment assigns a mobile
device to a resource unit to provide a data rate for the
mobile device 1 accordance with a fairness objective;
and

instructions to simulate transmission ol data using the
radio air interface in accordance with the resource unit
assignments.

8. The non-transitory computer-readable medium of claim

7, further comprising:

instructions to determine channel attenuations for the plu-
rality of channels and the plurality of resource units;

instructions to allocate power allocations for the mobile
device as a function of the channel attenuations, and a
power budget for the mobile device prior to assigning the
mobile device to the resource unit; and,

instructions to compute the data rate for the mobile device
as a function of the power allocations.

9. The non-transitory computer-readable medium of claim

7, wherein the fairness objective 1s an o-fair utility function.

10. The non-transitory computer-readable medium of

claim 7, wherein the resource unit is a physical resource block
(PRB).

11. The non-transitory computer-readable medium of

1. A method comprising:

generating a wireless network model of a wireless network
based at least 1n part on long term evolution (LTE) speci-
fications, wherein the wireless network model includes a
plurality of physical resource blocks (PRBs), wherein

40

claim 7, further comprising instructions to use a water-filling
technique to determine a water level for the mobile device as
a Tunction of channel attenuations and transmit power.

12. The non-transitory computer-readable medium of
claim 11, further comprising instructions to calculate the data
rate as a function of the water level.

the plurality of PRBs are associated with a plurality of
time units, a plurality of subcarriers, a plurality of base 45
stations, and a plurality of channels;

determining channel attenuations for the plurality of chan-
nels; assigning a plurality of mobile devices a PRB so
that a data rate of a mobile device 1s in accordance with
a fairness objective; and simulating transmission of data 50
from a first mobile device to a second mobile device
using the wireless network model with the assigned
PRB.

2. The method of claim 1, wherein the assigning further
COmMprises: 55
using a water-filling technique to determine a water level

for the mobile device as a function of channel attenua-
tions and transmit power; and
calculating a set of data rates for the mobile device and for
the PRB as a function of the water levels. 60
3. The method of claim 1, wherein the fairness objective 1s
an o.-fair utility function.
4. The method of claim 1, wherein at least one of the
plurality of base stations comprises a femtocell.
5. The method of claim 1, further comprising determining 65
power allocations for the mobile devices as a function of the
channel attenuations.

13. An apparatus comprising;:

a memory; and

a processor operatively coupled to the memory and con-
figured to:

identily a plurality of resource units, wherein a resource
unit includes a set of time units and subcarriers:

determine a maximum data rate for a mobile device in a
wireless network that includes a plurality of mobile
devices, wherein the maximum data rate 1s deter-
mined based at least 1n part on channel attenuations
assoclated with channels for the resource unit, and
wherein the determining 1s imdependent of assign-
ments ol the mobile devices to physical resource
blocks (PRBs);

assign a mobile device to a PRB based at least in part on

the maximum data rate for the mobile device, wherein

the assigning 1s also based at least 1n part on a fairness
constraint for all of the mobile devices; and

simulate data packet transmissions between the mobile
device and a second mobile device in accordance with
the PRB assigned to the mobile device, wherein the
mobile device transmits through a femtocell base sta-
tion and the second mobile device transmits through a
long term evolution (LTE)-based base station.
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14. The apparatus of claim 13, wherein the fairness objec-
tive 1s an a-fair utility function.

15. The apparatus of claim 13, wherein the plurality of
resource units comprise physical resource blocks (PRBs).

16. The apparatus of claim 13, wherein the processor 1s 5
turther configured to determine a power allocation for the
mobile device as a function of the channel attenuations.

17. The apparatus of claim 16, wherein the maximum data
rate for the mobile device 1s determined as a function of the
power allocation. 10
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 8,509,166 B2 Page 1 of 1
APPLICATION NO. : 12/695661

DATED . August 13, 2013

INVENTOR(S) . Kerpez et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

On the Title Page, item (56), under “OTHER PUBLICATIONS”, in Column 2, Line 14, delete
““upink capactiy’” and insert -- “uplink capacity --, therefor.

On Title Page 2, item (56), under “OTHER PUBLICATIONS”, in Column 1, Lines 1-7, delete

“Lu, R., et al., “Low Complexity Near-Optimal Spectrum Balancing Ericsson, “LTE-an introduction™,
Ericsson Technical Report 284 23-3124, Uen Rev B, available at
www.ericsson.com=technology=whitepapers=Ilteoverview:pdf, Jun. 2009. for Digital Subscriber
Lines”, Proceedings of IEEE International Conference on Communications (ICC), Seoul, Korea, May
2005.” and 1nsert -- Ericsson, “LTE-an mtroduction”, Ericsson Technical Report 284 23-3124, Uen
Rev B, available at www:ericsson:com=technology=whitepapers=Iteoverview:pdt, Jun. 2009.

Lui, R, et al., “Low Complexity Near-Optimal Spectrum Balancing ftor Digital Subscriber

Lines”, Proceedings of IEEE International Conference on Communications (ICC), Seoul,

Korea, May 20035. --, therefor.

On Title Page 2, item (56), under “OTHER PUBLICATIONS”, in Column 2, Lines 27-28, delete
“Terrestria” and insert -- Terrestrial --, therefor.

In the Specifications

In Column 2, Line 20, delete “delays;” and insert -- delays, --, therefor.

In Column 10, Line 50, delete “LIE” and insert -- LTE --, therefor.

In Column 16, Line 6, delete “LIE” and insert -- LTE --, therefor.

Signed and Sealed this
Twenty-fifth Day of March, 2014

Tecbatle 7 Lo

Michelle K. Lee
Deputy Director of the United States Patent and Trademark Olffice
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